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The q u e s t i o n  of  t h e  p o s s i b l e  f r e e  e x i s t e n c e  of  low molecu la r  weight 

compounds o f  diva ' lent  carbon i s  i n t e r e s t i n g  from t h e  p o i n t  o f  view o f  t h e  

c h e m i s t r y  o f  bo th  t h e  comets a s  we l l  a s  t h e  atmospheres  and s u r f a c e s  o f  t h e  

J o v i a n  p l a n e t s .  

t h e  s p e c i e s  of  d i v a l e n t  carbon t h a t  i s  most l i k e l y  t o  be  s t a b i l i z e d  by c r y o g e n i c  

CF2, a l though  n o t  i t s e l f  o f  d i r e c t  i n t e r e s t ,  i s  n e v e r t h e l e s s  

t e c h n i q u e s .  

ments,  and i t s  i o n i z a t i o n  ene rgy  has  been de te rmined  t o  be  11.8 k 0.1 ev. 

We have produced CF by t h e  p y r o l y s i s  o f  CF31 on h o t  metal  f i l a -  2 

Many o t h e r  appearance p o t e n t i a l s  (AP) and i o n i z a t i o n  p o t e n t i a l s  ( I P )  o f  f r a g -  

ments from CF I and s e v e r a l  o t h e r  p o s s i b l e  p a r e n t  s u b s t a n c e s  f o r  t h e  produc- 

t i o n  of  CF have a l s o  been measured, u s u a l l y  t o  w i t h i n  k 0.1 ev. A s e a r c h  

was made f o r  t h e  f r e e  e x i s t e n c e  of CF and CF 

4.2' K.  

d e s c r i b e d  e a r l i e r  was used f o r  t h i s  purpose.  I n  one experiment ,  

(mass 69) was observed a s  t h e  h e a v i e s t  mass i n  t h e  vapor  o v e r  t h e  quenched 

3 

2 

a t  t e m p e r a t u r e s  down t o  2 3 

The c ryogen ic  i n l e t  system t o  t h e  mass s p e c t r o m e t e r  t h a t  h a s  been 

+ 
CF3 

p y r o l y s i s  p r o d u c t s  a t  a t empera tu re  o n l y  s l i g h t l y  above t h a t  o f  l i q u i d  

n i t r o g e n .  The obv ious  and e x c i t i n g  h y p o t h e s i s  t h a t  t h e  CF was being 

r e sub l imed  i n  a c h e m i c a l l y  unchanged s t a t e  was d i s a p p o i n t i n g l y  s h o r t  l i v e d  

when it was found t h a t  t h e  AP o f  CF; i n  t h i s  experiment  was v e r y  n e a r l y  t h e  

3 

+ 
AP o f  CF3 from CF4. CF4 does  not e x h i b i t  a p a r e n t  peak. Concurrent  work i n  

o t h e r  l a b o r a t o r i e s  h a s  supported t h e  c o n c l u s i o n  t h a t  CF2 i s  n o t  chemica l ly  

s t a b l e  a t  c ryogen ic  t empera tu res .  Hence, t h e  e x i s t e n c e  o f  CH i n  c h e m i c a l l y  

s i g n i f i c a n t  c o n c e n t r a t i o n s  i n  comets, e t c . ,  i s  u n l i k e l y ,  and l e a v e s  m a t r i x  

2 
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Atomic hydrogen h a s  been r eac t ed  w i t h  v e r y  pu re  NO i n  c ryogen ic  r e a c t o r s .  

With s o l i d  NO a t  77' K ,  a ye l low s o l i d  i s  produced which seems t o  explode on 

warming. With NO i n  s o l u t i o n  i n  l i q u i d  propane a t  90 K ,  a s i m i l a r l y  appea r ing  0 

y e l l o w  p r e c i p i t a t e  i s  formed which a l s o  seems t o  explode on warming. Oxygen 

atoms r e a c t  w i t h  s o l i d  NH a t  90 K t o  form a l i g h t  y e l l o w  subs t ance .  A t  

77 K ,  t h i s  same r e a c t i o n  i n i t i a l l y  p roduces  a l i g h t  ye l low l a y e r ,  b u t  a s  

0 

3 
0 

0 

more i n t e n s e  and f i n a l l y  changes t o  an o range  c o l o r .  T e n t a t i v e  r e a c t i o n  

from t h e  d i s c h a r g e d  0 2 i s  condensed i n t o  t h e  NH3, t h e  ye l low c o l o r  becomes 3 

mechanisms a r e  proposed and f u r t h e r  work i s  o u t l i n e d  which w i l l  e l u c i d a t e  

more f u l l y  t h e s e  v e r y  low t empera tu re  r e a c t i o n s .  

v i  
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I. I NTRODUCT I O N  

There a r e  s e v e r a l  problems wi th in  t h e  broad a r e a  o f  chemical  r e a c t i v i t y  

a t  c ryogen ic  t e m p e r a t u r e s  t h a t  a r e  t o  be  examined d u r i n g  t h e  cour se  o f  t h i s  

i n v e s t i g a t i o n .  I n  t h e  o r d e r  of  t h e i r  performance i n  a t y p i c a l  exper iment ,  

t hese  i n c l u d e  (1) g e n e r a t i o n  of s u i t a b l e  r e a c t a n t s  o r  p r e c u r s o r s ,  ( 2 )  low 

t empera tu re  r e a c t i o n s ,  (3) p u r i f i c a t i o n  o f  p roduc t s ,  and (4)  i d e n t i f i c a t i o n  

and c h a r a c t e r i z a t i o n ,  by t h e i r  e lementary  p h y s i c a l  and chemical  behav io r ,  

o f  s e l e c t e d  p roduc t  subs t ances .  A few s e n t e n c e s  on each  of  t h e s e  problems 

w i l l  s e r v e  t o  i n t r o d u c e  t h e  t e c h n i c a l  d i s c u s s i o n  i n  succeeding  c h a p t e r s  o f  

t h i s  r e p o r t .  

(I) Very few s u b s t a n c e s  w i l l  r e a c t  upon c o n t a c t  a t  c ryogen ic  tempera- 

t u r e s , '  b u t  r a t h e r  most r e q u i r e  some manner o f  a c t i v a t i o n .  

i n s t a n c e  o f  d i r e c t  r e a c t i v i t y  i s  t h e  H2-F2 system, wherein i n s t a n t a n e o u s  

i g n i t i o n  o c c u r s  when H 

and, more i n t e r e s t i n g l y ,  s o l i d  F2 and l i q u i d  H 2  w i l l  exp lode  on c o n t a c t  a t  

20' K .  

v a t i o n  f o r  t h e  g e n e r a t i o n  o f  s u i t a b l e  p r e c u r s o r s ,  e l e c t r o d e l e s s  glow d i s -  

An i n t e r e s t i n g  

g a s  i s  bubbled benea th  t h e  s u r f a c e  o f  l i q u i d  F2 2 

I n  t h e  p r e s e n t  s t u d i e s  we a r e  c o n c e n t r a t i n g  on two schemes o f  a c t i -  

cha rge  and p y r o l y s i s .  

(2 )  The r e a c t o r  d e s i g n s  have been such a s  t o  quench o r  t r a p  some 

s p e c i e s  from t h e  above a c t i v a t i o n  p rocess ,  o r  t o  r e a c t  t h e  e f f l u e n t  from 

t h e  a c t i v a t i o n  p r o c e s s  w i t h  a second subs t ance  which i s  a l r e a d y  i n  t h e  

c o l d  r e a c t o r ,  o r  t o  c o n t a c t  t h e  a c t i v e  s p e c i e s  w i t h  t h e  second r e a c t a n t  

i n  t h e  vapor  phase fo l lowed by a r a p i d  quench (i .e. ,  a s o r t  o f  quenched 

d i f f u  s i o n  f 1 ame arrangement  ) . 

'McGee, H. A. Jr., and Mar t in ,  W. J., Cryoaen ic s  2, 257 (1962). 
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( 3 )  P u r i f i c a t i o n  t e c h n i q u e s  us ing  con t inuous  f r a c t i o n a l  s u b l i m a t i o n  

and r e c o n d e n s a t i o n  which we c a l l  ' 'thermal chromatography" a r e  be ing  developed.  

Presumably a d s o r p t i o n  and a b s o r p t i o n  schemes a l s o  a r e  p o s s i b i l i t i e s .  Absolute  

t e m p e r a t u r e  c o n t r o l  both i n  t h e  r e a c t o r  and i n  t h e  subsequen t  p r o c e s s i n g  i s  

e s s e n t i a l  s i n c e  t h e  p r o d u c t s  a r e  o f t e n  u n s t a b l e  a t  some s t i l l  v e r y  low tempera- 

t u r e .  

( 4 )  I d e n t i f i c a t i o n  of  p r o d u c t  s u b s t a n c e s  i s  accomplished mass spectrom- 

e t r i c a l l y  u t i l i z i n g  a c r y o g e n i c a l l y  coo led  sample i n l e t  system. The mass 

s p e c t r o m e t e r  i s  a l s o  used t o  f o l l o w  t h e  c h e m i s t r y  o c c u r r i n g  d u r i n g  warm-up 

a s  w e l l  a s  t o  measure t h e  appearance p o t e n t i a l s  and i o n i z a t i o n  p o t e n t i a l s  

o f  s p e c i e s  of  i n t e r e s t ,  u s u a l l y  t o  w i t h i n  a n  accu racy  o f  ? 0.1 ev. 

The m o t i v a t i o n  f o r  t h e  choice of systems t o  s t u d y  i s  based on consid-  

e r a t i o n s  from space chemistry.  For  example, i t  i s  now g e n e r a l l y  r e a l i z e d  

t h a t  any r e a l  u n d e r s t a n d i n g  of  chemical p r o c e s s e s  o c c u r r i n g  on c e r t a i n  

o b j e c t s  of  a s t ronomica l  i n t e r e s t ,  must be r e a l i z e d  i n  terms o f  cryochem- 

i s t r y .  A s  immediate examples o f  t h i s ,  one may r e c a l l  t h e  " d i r t y  snowbal l"  

model of  comets and t h e  atmospheric  c h e m i s t r y  of  t h e  J o v i a n  p l a n e t s .  

A r a t h e r  broad l i t e r a t u r e  review i n c l u d i n g  many expe r imen t s  i n  cryo- 

c h e m i s t r y  and c o n t a i n i n g  o v e r  200 r e f e r e n c e s  h a s  been p r e p a r e d  by McGee 

and Martin.' I t  i s  o u r  o b j e c t i v e  t o  r e s t u d y  and t o  expand upon some of 

t h e s e  e a r l i e r  o b s e r v a t i o n s  of c ryogen ic  chemical  r e a c t i v i t y .  

11. CURRENT STATUS OF RESEARCH 

A. I o n i z a t i o n  and Appearance P o t e n t i a l  Measurements 

The expe r imen ta l  d e t e r m i n a t i o n  of  i o n i z a t i o n  p o t e n t i a l s  i s  i m p o r t a n t  

f o r  t h e  numbers a r e  u s e f u l  i n  thermochemistry,  i n  k i n e t i c s ,  and o t h e r  a r e a s  

2 



o f  c h e m i s t r y  and chemical phys i c s .  More s p e c i f i c a l l y ,  f o r  t h e  c a s e  o f  t h e  

unusual  chemical behav io r  a t  v e r y  low t e m p e r a t u r e s  t h a t  i s  o f  concern h e r e ,  

t h e  d a t a  may be a p p l i e d  t o  i d e n t i f i c a t i o n  problems, t o  molecu la r  s t r u c t u r e  

problems and t o  unusua l  chemical  k i n e t i c  problems. 

Our procedure f o r  t h e  experimental  d e t e r m i n a t i o n  of  t h e  appea rance  

and i o n i z a t i o n  p o t e n t i a l s  employs t h e  Fox r e t a r d i n g  p o t e n t i a l  d i f f e r e n c e  

(RPD) method and h a s  been d e s c r i b e d  i n  d e t a i l  i n  e a r l i e r  r e p o r t s . 2  T h i s  

method i s  w e l l  s u i t e d  f o r  u s e  with t h e  Bendix T-O-F mass s p e c t r o m e t e r  and 

i s  g e n e r a l l y  though t  t o  be t h e  most a c c u r a t e  method a v a i l a b l e  f o r  t h e  

measurement o f  appearance p o t e n t i a l s  by e l e c t r o n  impact  t e c h n i q u e s  w i t h o u t  

go ing  t o  v e r y  e l a b o r a t e  a p p a r a t u s  t o  produce monochromatic beams. 

The s p e c i e s  CH i s  f i r s t  seen i n  comet head s p e c t r a  a t  1.5 A . U . ,  so 

t h e  e x i s t a n c e  o f  low molecu la r  weight b u t  r e a c t i v e  molecu le s  c o n t a i n i n g  

carbon which might be  s t a b l e  a t  some v e r y  low t e m p e r a t u r e  would be  a 

s i g n i f i c a n t  f a c t o r  i n  arguments about t h e  c h e m i s t r y  o f  comets. Many 

t h e o r i e s  have been proposed f o r  t h e  n a t u r e  o f  t h e  comet nuc leus ,  b u t  t h e  

most g e n e r a l l y  accep ted  one i s  Whipple 's  " d i r t y  snowball" model, i .e.,  t h e  

n u c l e u s  i s  assumed t o  be  composed o f  m e t e r o i c  d u s t  and i c e s  of H 0, CH4, 

NH3, H202, e t c .  

and r e l e a s e  t h e  f r o z e n  s p e c i e s  i n  r a t i o s  and i n  r a t e s  dependent  upon t h e i r  

2 

The i c y  nuc leus  on p a s s i n g  n e a r  t h e  sun, w i l l  subl ime 

r e l a t i v e  v o l a t i l i t y .  Occas iona l ly  r u p t u r e s  o r  even chemical  e x p l o s i o n s  

w i l l  occu r  i n  t h e  n u c l e u s  which w i l l  produce t h e  j e t t i n g  a c t i o n  and t h e  

h a l o  f o r m a t i o n s  t h a t  have been observed. The most p u z z l i n g  molecu le s  

which have been s p e c t r o s c o p i c a l l y  d e t e c t e d  a r e  CN and C s i n c e  it i s  n o t  3 

2McGee, H. A. Jr., Second Semiannual T e c h n i c a l  Report ,  Gran t  NsG-337,  
March 1, 1964. 

3 



c l e a r  how t h e s e  s p e c i e s  could  be formed from CH4, NH3, H202, e t c .  Th i s  t h e n  

i s  t h e  o r i g i n  of o u r  i n t e r e s t  i n  carbon c o n t a i n i n g  s p e c i e s .  

The s p e c i e s  CF2, a l though  n o t  o f  cometary s i g n i f i c a n c e ,  might  e x i s t  

a s  a s t a b l e  e n t i t y  a t  low tempera tures .  A t  o r d i n a r y  t e m p e r a t u r e s  i t  i s  by 

f a r  t h e  most s t a b l e  compound of  d i v a l e n t  carbon,  and it hence seemed a 

r e a s o n a b l e  s t a r t i n g  p l a c e  which would l e a d  t o  s i m i l a r  s t u d i e s  of  molecules  

of  more d i r e c t  r e l evance .  
* 

There  h a s  r e c e n t l y  been cons ide rab le  i n t e r e s t  i n  t h e  fo rma t ion  and 

s t a b i l i t y  of CF2 and of  v a r i o u s  o t h e r  methylenes and s u b s t i t u t e d  methylenes.  

These s p e c i e s  appea r  t o  be p r e s e n t  a s  i n t e r m e d i a t e s  i n  a number of  r e a c t i o n s  

3 

and,  i n  p a r t i c u l a r ,  s e v e r a l  s t u d i e s  have i n d i c a t e d  t h a t  CF2 i s  produced i n  

t h e  p h o t o l y s i s ,  p y r o l y s i s  o r  e l e c t r i c a l  d i s c h a r g e  of f l u r o c a r b o n  vapors .  

The emiss ion4  and 

p a r t i a l l y  ana lyzed4 and, l a t e l y ,  the  v i b r a t i o n a l  a s s ignmen t s  have been 

r e v i s e d  t o  some e x t e n t .  6 9 7 9 8  Mass s p e c t r o m e t r i c  i d e n t i f i c a t i o n  o f  CF2 h a s  

s p e c t r a  of CF2 have been r e p o r t e d  and 

* 
The CF and C I  work c o n s t i t u t e d  t h e  Ph.D. t h e s i s  of  Mr. W. J. Mart in .  

Copies  o f  t h i s  Zhes i s  w i l l  be forwarded t o  NASA by March 1, 1965. 
f o l l o w i n g  few pages  of t h i s  r e p o r t  summarized some o f  t h e  h i g h l i g h t s  of  
t h i s  s tudy .  

3A rev iew of t h i s  work i s  conta ined  i n :  
P r e s s ,  New York, 1964. 

4P. Venkateswarlu,  Phvs. Rev. 77, 676 (1950) .  

5R. K .  L a i r d ,  E. B. Andrews and R. F. Barrow, Trans.  Faraday  S o c i e t y  46, 
803 (1950) .  

6D. E. Mann and B. A. Thrush,  J. Chem Phvs. 33, 1732 (1960).  

7A. M. Bass and D. E. Mann, J. Chem. Phvs. 36, 3501 (1962) .  

2 The 

J. Hine, "Diva len t  Carbon," Ronald 

'D. E. M i l l i g a n ,  D. E. Mann, Mari lyn E. J acox  and R. A. Mi tsch ,  J. Chem. 
Phys. 5, 1199 (1964) .  

4 



a l s o  been r e p o r t e d Y 9  b u t  t h e  va lue ,  13.3 ev, which was claimed f o r  t h e  

i o n i z a t i o n  p o t e n t i a l  of  CF2, Ivert (CF2), i s  s i g n i f i c a n t l y  d i f f e r e n t  from 

t h a t  determined i n  t h i s  s tudy .  

t h e  above experiments ,  was e s t ima ted  t o  b e  o f  t h e  o r d e r  o f  one second. 

The h a l f - l i f e  o f  CF2, a s  formed i n  one of 

5 

CF2, g e n e r a t e d  i n  an e l e c t r i c  d i s c h a r g e ,  h a s  been t r a p p e d  i n  an argon m a t r i x  

a t  l i q u i d  hel ium t e m p e r a t u r e s ,  7 and t h e  s p e c i e s  h a s  been s i m i l a r l y  t r apped  

when g e n e r a t e d  by t h e  p h o t o l y s i s  of d i f l u o r o d i a z i r i n e ,  CF2N2, i n  a m a t r i x  

o f  argon o r  n i t r o g e n .  An e x t r a o r d i n a r y  chemical s t a b i l i t y  o f  CF2 h a s  been 

invoked by Mastrangelo t o  e x p l a i n  expe r imen t s  i n  which t h e  p r o d u c t s  o f  a 

a 

10 

r a d i o  f r equency  d i s c h a r g e  th rough  C F o r  cyclo-C F were d e p o s i t e d  on a 

l i q u i d  n i t r o g e n  cooled s u r f a c e .  A b l u e  c o l o r ,  claimed t o  be  due  t o  CF2, 

p e r s i s t e d  up t o  95' K.  However, CF i n  s o l i d  argon a t  4.2 K,  w i l l  d i s a p -  

p e a r  w i t h  t h e  fo rma t ion  of  C F when t h e  s o l i d  i s  annealed a t  o n l y  40 K.  

T h i s  could be due t o  a g r e a t e r  m o b i l i t y  o f  CF 

any e v e n t ,  t h e  chemical s t a b i l i t y  o f  CF2 r e l a t i v e  t o  C F 

2 6  4 8  

0 
2 

0 

2 4  

i n  t h e  A m a t r i x ,  b u t  i n  2 

i s  a p p a r e n t l y  2 4  

n o t  1 a rge .  

I n  t h e  c o u r s e  o f  o u r  i n v e s t i g a t i o n  o f  t h e  s t a b i l i t y  o f  methylene and 

0 
CF2 i t s  l o w  molecular  we igh t  d e r i v a t i v e s  a t  t e m p e r a t u r e s  below 100 

h a s  been g e n e r a t e d  from a new source and i t s  Ivert h a s  been measured. 

Thermochemical numbers of t h i s  sort e n t e r  i n t o  arguments t h a t  a r e  developed 

K, 

from t h e  p o i n t  o f  view of  t h e  e n e r g e t i c s  t h a t  a r e  invo lved  i n  s t u d y i n g  t h e  

low t e m p e r a t u r e  chemical  behavior  o f  t h e s e  s p e c i e s .  

~~ 

9R. I .  Reed and W. Snedden, Trans. Faraday SOC. 54, 301 (1958).  

''5. V. R. Mastrangelo,  J. Am. Chem. SOC. 84, 1122 (1962) .  
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The apparatus used for the production and identification of CF is 

A gas mixture containing CF31 and A was 
2 

shown schematically in Fig. 1. 

fed onto a heated filament and passed directly into the ionization region 

of the mass spectrometer. The filament was positioned approximately 1/4 

inch from the ionizing electron beam. At the pressures (10-4-10-5 torr) 

at which the hot filament region was operated, the mean free path of the 

newly formed CF was estimated to be of the order of 10 cm. Hence, an 

essentially collision-free path should exist between the filament and the 

mass spectrometer ionization region. 

2 

A Bendix Model 12-101 Time-of-Flight Mass Spectrometer was used in 

this work with minor modifications to permit the determination of appearance 

potentials (AP). 

spectrometric method for the detection of unstable species in a gaseous 

mixture." The retarding potential difference (RPD) method due to Fox, 

et a1.12 was employed for these measurements, and Melton and Hamill 

have given complete instructions for the use of the RPD technique with 

the Bendix machine. The various potentials were measured by a Cimron 

Model 6000 digital voltmeter, that was periodically checked against a 

good Leeds and Northrup potentiometer. 

AP lowering is considered to be the most reliable mass 

13 

The filament current was controlled by a Powerstat and a constant 

Fine control was obtained by use of a slide wire voltage transformer. 

resistor in series with the filament. 

sured with a Leeds and Northrup model 

The filament temperature was mea- 

8622-C optical pyrometer. 

"F. P. Lossing, "Mass Spectrometry," (C.A. McDowell, ed. ), McGraw-Hill 
Book Company, New York, 1963, p. 

12R. E. Fox, W. M. Hickam, D. J. 
Instr. 26, 1101 (1955). 

13C. E. Melton and W. H. Hamill, 

442. 

Grove and T. Kjeldaas, Jr., Rev. Sci. 

J. Chem. Phvs. 4l, 546 (1964). 
6 



I Cross-section of 

Figure 1. Schematic of hot  filament i n l e t  and ion  source arrangement. 
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When CF31 was admi t ted  t o  t h e  mass spec t romete r  w i t h  t h e  h o t  f i l a m e n t  

2 
+ 

i n l e t  system a t  room t empera tu re ,  AP(CF 

With a p l a t inum f i l a m e n t  a t  a t empera tu re  o f  90O0-13OO0 C t h e  CF 

was observed a t  much lower e l e c t r o n  e n e r g i e s .  CF was p r e s e n t  i n  such 

q u a n t i t y  t h a t  t h e  v e r t i c a l  IP  could e a s i l y  be de te rmined  and was found t o  

be ' v e r t  

r e c e n t l y  o b t a i n e d  by F i s h e r ,  Homer, and Lossing.14 The thermochemical  

q u a n t i t i e s  t h a t  were developed by FHL and which depend upon Ivert(CF2) 

a r e  a l l  suppor ted  by t h i s  work. The i o n i z a t i o n  e f f i c i e n c y  cu rve  f o r  

CF2 

c a l i b r a t i n g  gas ,  argon.  The break i n  t h e  cu rve  a t  12.8 ev. a p p a r e n t l y  

co r re sponds  t o  t h e  p roduc t ion  o f  CF i n  an e x c i t e d  e l e c t r o n i c  s t a t e .  2 

T h i s  i o n i z a t i o n  e f f i c i e n c y  curve  i s  t y p i c a l  o f  t h e  appearance  of t h o s e  

) was found t o  b e  17.2 2 0.1 ev. 

+ 
peak 2 

2 

(CF2) = 11.8 It: 0.1 ev. T h i s  v a l u e  i s  good agreement w i t h  t h a t  

+ 
i s  shown i n  F ig .  2, a long  with t h e  cor responding  cu rve  f o r  t h e  

+ 

t h a t  have been developed  i n  t h i s  l a b o r a t o r y  f o r  many s p e c i e s  produced 

from t h e  f r agmen ta t ion  and p y r o l y s i s  o f  a s e r i e s  of  ha lo-carbons .  Many 

c a n d i d a t e s  f o r  s u i t a b l e  p a r e n t  subs t ances  f o r  t h e  p roduc t ion  o f  CF 

were i n v e s t i g a t e d  b e f o r e  CF I was found. 

2 

3 

The u n c e r t a i n t y  a t t a c h e d  t o  t h e  i o n i z a t i o n  energy  a p p l i e s  t o  I v e r t '  

s i n c e  t h e  a c t u a l  i o n i z a t i o n  energy i s  n o t  n e c e s s a r i l y  observed  i n  e l e c t r o n  

impact  exper iments .  

The u s e  o f  a t u n g s t e n ,  r a t h e r  t h a n  a p la t inum,  f i l a m e n t  y i e l d e d  no 

ev idence  f o r  t h e  p re sence  of CF2, which i n d i c a t e s  t h a t  t h e  p roduc t ion  pro-  

c e s s  i n v o l v e s  t h e  n a t u r e  o f  t h e  f i l a m e n t  i n  some manner; i . e . ,  s u r f a c e  

c h e m i s t r y  e f f e c t s  a r e  occur r ing .  I t  a l s o  appeared t h a t  t h e  CF2 producing 

I4I. P .  F i s h e r ,  J. B. Homer and F. P. Loss ing ,  p r i v a t e  communication and 
J. Am. Chem. SOC., i n  press. 
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2. I o n i z a t i o n  e f f i c i e n c y  curve  f o r  I (CF ). The i o n  c u r r e n t  
i s  a c t u a l l y  t h e  d i f e r e n c e  i o n  cur:% obgained from t h e  
r e t a r d i n g  p o t e n t i a l  d i f f e r e n c e .  
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c a p a c i t y  of  a p l a t inum f i l a m e n t  was d e s t r o y e d  by long use o r  by u s e  w i t h  

+ 
o t h e r  f l u o r o c a r b o n  g a s e s .  

f 0.1 ev. The v e r t i c a l  i o n i z a t i o n  p o t e n t i a l  o f  CF h a s  been r e p o r t e d  t o  

be a s  h i g h  a s  10.2 e v , I 5  and hence it i s  c l e a r  t h a t  t h e  d e t e c t i o n  o f  

AP(CF3 ) from t h e  CF31 was found t o  be 11.1 

3 

CF3 by AP lowering w i l l  be  d i f f i c u l t  s i n c e  t h e  AP and t h e  I P  a r e  so  c l o s e  

t o g e t h e r .  However, t h e  p re sence  of c o n s i d e r a b l e  c o n c e n t r a t i o n s  o f  C2F6 and 

I t h a t  were observed i n  t h e s e  p y r o l y s i s  g a s e s  would seem t o  

CF was formed d u r i n g  t h i s  process .  P rev ious  s t u d i e s  o f  t h e  

2 

3 

p h o t o l y s i s  of CF31 have shown t h a t  CF r a d i c a l s  a r e  

a b s o r p t i o n  spectrum o f  CF could not  be d e t e c t e d  i n  2 

CF31 .16 The i n c a n d e s c e n t  plat inum f i l a m e n t  lowered 

3 

i n d i c a t e  t h a t  

p y r o l y s i s  and 

produced, b u t  t h e  

t h e  p h o t o l y s i s  o f  

AP(1  ) from about  t 

t 17 
2' 13 e v  t o  8.8 t 0.1 ev. 

B. Low Temperature Quenchinq Experiments w i t h  CF 

T h i s  lower v a l u e  co r re sponds  t o  AP(1 ) from I 

2 

Quenching expe r imen t s  on t h e  CF produced i n  t h e  p y r o l y s i s  of  CF I 

were conducted i n  t h e  c ryogen ic  i n l e t  system d e s c r i b e d  i n  an e a r l i e r  r e p o r t ,  

2 3 

and t h e y  u t i l i z e d  b o t h  l i q u i d  n i t r o g e n  and l i q u i d  he l ium a s  r e f r i g e r a n t s .  

S i n c e  most of  t h e  expe r imen t s  were conducted a t  l i q u i d  n i t r o g e n  tempera- 

t u r e ,  t h i s  phase o f  t h e  work i s  d i s c u s s e d  f i r s t .  

l5F. P. Lossing,  P. Keba r l e  and J. B. d e  Sousa: 
e t r y , "  (J. Waldron, ed. ), Pergamon P r e s s ,  New York, 1959, p. 431, 

"Advances i n  Mass Spectrom- 

16G. P o r t e r ,  D i s c u s s i o n s  Faradav SOC. l4, 133 (1953). 

17D. C. F r o s t  and C. A. McDowell, "Advances i n  Mass Spec t romet ry , "  
(J. Waldron, ed . ) ,  Pergamon Pres s ,  New York, 1959, p. 413. 
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I n  o r d e r  t o  d u p l i c a t e  a s  c l o s e l y  a s  p o s s i b l e  t h e  c o n d i t i o n s  o f  t h e  

expe r imen t s  which r e s u l t e d  i n  t h e  p roduc t ion  of  CF 

t h e  p a r e n t  compound was decomposed on a p l a t inum f i l a m e n t  which was se t  t o  

approx ima te ly  1100 C and argon was used a s  a c a r r i e r  gas .  The f i l a m e n t  

was l o c a t e d  i n s i d e  t h e  h i g h  t empera tu re  p o t  (HTP) o f  t h e  c r y o g e n i c  i n l e t  

system (CIS) and w i t h i n  one -ha l f  inch o f  t h e  co ld  w a l l s  o f  t h i s  chamber. 

( a s  d e s c r i b e d  above) 2 

0 

* 

During t h e  p y r o l y s i s ,  HTP, t h e  g r a d i e n t  t u b e  and LTP were ma in ta ined  a t  

l i q u i d  n i t r o g e n  t e m p e r a t u r e  s o  t h a t  t h e  condensa t ion  o f  t h e  h o t  g a s e s  

was a f f e c t e d  v e r y  c l o s e  t o  t h e  f i l amen t .  The c r a c k i n g  and subsequent  

quenching were conducted f o r  p e r i o d s  o f  from one -ha l f  t o  one hour.  Tha t  

t h i s  y i e l d e d  an almost  complete  condensa t ion  o f  a l l  t h e  p y r o l y s i s  p r o d u c t s  

was evidenced by t h e  f a c t  t h a t  i n  o n l y  one run  was a f a i n t  spectrum due 

t o  one of  t h e s e  p r o d u c t s  observed w h i l e  t h e  low t e m p e r a t u r e  p o t  (LTP) 

was s t i l l  a t  l i q u i d  n i t r o g e n  temperature .  

A f t e r  t h e  f low o f  p a r e n t  g a s  was stopped and t h e  h o t  f i l a m e n t  t u r n e d  

o f f ,  t h e  t e m p e r a t u r e  o f  HTP was allowed t o  i n c r e a s e  ( u s u a l l y  o n l y  about  

50') w h i l e  t h a t  of  LTP was h e l d  a t  l i q u i d  n i t r o g e n  t empera tu re .  T h i s  

r e s u l t e d  i n  a t e m p e r a t u r e  d r o p  along t h e  g r a d i e n t  t u b e  and, hence,  i n  

some d e g r e e  o f  s e p a r a t i o n  o f  t h e  p y r o l y s i s  p roduc t s ,  a s  t h e  more v o l a t i l e  

s p e c i e s  mig ra t ed  down t h e  t u b e  toward lower t e m p e r a t u r e s .  The e n t i r e  

i n l e t  system was t h e n  allowed t o  warm slowly,  wh i l e  m a i n t a i n i n g  t h e  

t e m p e r a t u r e  g r a d i e n t ,  and t h e  e f f l u e n t  g a s e s  were monitored ( w i t h  no 

f u r t h e r  warming) by t h e  mass spectrometer .  The s p e c t r a  of  t h e  g a s e s  were 

* 
By way o f  r ev iew o f  e a r l i e r  r e p o r t s ,  one should r e c a l l  t h a t  t h e  CIS c o n s i s t s  

b a s i c a l l y  o f  two i n d e p e n d e n t l y  the rmos ta t ed  p o t s  (HTP and LTP) connected 
by a t u b e  upon which t h e r e  i s  impressed t h e  g r a d i e n t  T H T P - ~ L T P -  
l e a k  on LTP admi t s  t h e  c o l d  sample d i r e c t l y  i n t o  t h e  i o n i z i n g  e l e c t r o n  beam 
o f  t h e  T-O-F mass s p e c t r o m e t e r  i n  a manner n o t  a l l o w i n g  warm-up o f  t h e  sam- 
p l e  p r i o r  t o  i o n i z a t i o n .  

A c a p i l l a r y  
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r eco rded  a t  v a r i o u s  t empera tu res  and t h e  u s e  o f  a d i s c r i m i n a t i n g  low ene rgy  

e l e c t r o n  beam was employed t o  search f o r  f r e e  CF and CF3. 2 

Tab le  I l i s t s  t h e  f luo roca rbon  g a s e s  whose mass s p e c t r a  were i d e n t i f i e d  

d u r i n g  t h e  warmup and t h e  tempera ture  o f  t h e  i n l e t  sys tem a t  t h e  time a t  

which t h e s e  s p e c t r a  were recorded .  The major  p r o d u c t s  were found t o  be 

CF4, C2F4, C2F6, I and t h e  unchanged p a r e n t ,  CF31. 2 

TABLE I 

GASES IDENTIFIED DURING WARMUP (LIQUID NITROGEN QUENCH) 

Temperature  I n t e r v a l  Durinq Which Spectrum Fi rs t  Appeared 
* 

Gas Run 1 Run 2 Run 3 - 
-196' C 

n o t  d e t e c t e d  

-196' C t o  -150' C 

-150' C t o  -142' C 

-196' C t o  -188' C 

-188' C t o  -162' C 

-188' C t o  -162' C 

-157' C t o  -148' C 

-190' C t o  -187' C 

-170' C t o  -160' C 

-170' C t o  -160' C 

-149' C t o  -142' C 

** CF4 

C2F4 

C2F6 

CF 3I 

* 
Did n o t  r e c o r d  s p e c t r a  between -196' C and -150' C. 

C F 
** 

was p r e s e n t  i n  g a s e s  coming through t h e  i n l e t  system w h i l e  it was 2 4  b e i n g  cooled  s imul t aneous ly  wi th  conduct o f  p y r o l y s i s .  
must have vapor i zed  and have been pumped o u t  o f  t h e  system i n  t h e  i n t e r -  
v a l  between -1960 C and -150' C. 

The condensed C2F4 

CF had n o t  been p r e v i o u s l y  i d e n t i f i e d  i n  t h e  p y r o l y s i s  s t u d i e s  because  4 

o f  t h e  absence  of  a p a r e n t  peak i n  i t s  mass spectrum. The predominant  peak 

i n  t h e  CF4 spectrum i s  t h a t  due t o  CF; (mass 69 )  and t h e  o b s e r v a t i o n  o f  

t h i s  mass, a t  a t empera tu re  o n l y  s l i g h t l y  above t h a t  o f  l i q u i d  n i t r o g e n ,  

12 



l e d  t o  t h e  i n i t i a l  h y p o t h e s i s  t h a t  t h e  CF 

and r e v a p o r i z e d  w i t h o u t  r e a c t i o n  o r  recombinat ion.  However, t h i s  e x c i t i n g  

f r e e  r a d i c a l  was b e i n g  t r a p p e d  3 

r e s u l t  was s h o r t  l i v e d  s i n c e  rough appearance p o t e n t i a l  s t u d i e s  o f  t h i s  

low t e m p e r a t u r e  g a s  demonstrated t h a t  t h i s  spectrum r e s u l t e d  from e l e c t r o n  

impac t  f r agmen ta t ion  o f  t h e  CF4 molecule. 

p o t e n t i a l s  of CF: and CF3 from t h i s  work and t h e  co r re spond ing  v a l u e s  

from Reed and Snedden 's  s t u d y  o f  C F Z  a r e  g i v e n  i n  Tab le  11, where I 

and ' v e r t  

d u r i n g  warmup must be c h a r a c t e r i z e d  a s  CF r a t h e r  t h a n  CF 

The approximate appearance 

+ 

(CF2) v e r t  

(CF3) a r e  a l s o  g iven .  Obviously,  t h e  f i r s t  g a s  which i s  evolved 

3' 4 

TABLE I1 

AP OF CF2 AND CF3 FROM THE LOW TEMPERATURE VAPOR 

AP Obtained i n  t h i s  AP from 
Work ( u n c o r r e c t e d )  CF4 ( r e f . 9 )  I v e r  t 

CF 23 2 2 ev. 22.33 2 0.06 ev. 11.8 ev. 

16 2 2 ev. 15.4 2 0.05 ev. 10.2 ev.  
2 

CF 3 

A t  somewhat h i g h e r  t empera tu res  ( abou t  -160' C ) ,  C F and C F began 
2 4  2 6  

t o  appear  i n  t h e  e f f l u e n t  g a s e s  from t h e  c ryogen ic  i n l e t  system. The 

r e l a t i v e  p r o p o r t i o n s  o f  t h e s e  gases  v a r i e d  from one r u n  t o  a n o t h e r  b u t  

each  was p r e s e n t  i n  e v e r y  case.  

-150' C t h e  spectrum of  t h e  unchanged CF31 appea red ;  a t  app rox ima te ly  -140' C 

t h e  p a r e n t  compound had become t h e  major c o n t r i b u t o r  t o  t h e  mass s p e c t r a l  

p a t t e r n .  

A f t e r  t h e  i n l e t  system had warmed t o  a b o u t  

13 



A t  v a r i o u s  t e m p e r a t u r e s  throughout  t h e s e  warmup expe r imen t s  t h e  i o n  

+ 
c u r r e n t s  due  t o  t h e  CF i- and CF3 i o n s  were observed a t  e l e c t r o n  e n e r g i e s  

i n t e r m e d i a t e  between t h e i r  i o n i z a t i o n  p o t e n t i a l s  and t h e i r  appearance 

p o t e n t i a l s  frorn CF4. I n  no c a s e  was  t h e r e  found any ev idence  f o r  t h e  

p r e s e n c e  o f  f r e e  CF o r  CF AP(CF ) d i d ,  i n  f a c t ,  d r o p  t o  approx ima te ly  

11 e v  b u t  t h i s  change was found t o  o c c u r  a t  v e r y  n e a r l y  t h e  same tempera- 

t u r e  a s  t h a t  a t  which CF I began t o  appear  i n  t h e  spec t rum o f  t h e  warmup 

p r o d u c t s  (AP(CF3 ) from CF I = 11.1 ev) .  

2 

+ 
2 3' 3 

3 
t 

3 

I n  an a d d i t i o n a l  s e r i e s  o f  experiments ,  l i q u i d  he l ium was used a s  a 

r e f r i g e r a n t  i n  t h e  c ryogen ic  i n l e t  system. The same p y r o l y s i s  t e c h n i q u e s  

were employed b u t  i n  t h e s e  experiments  t h e  argon:CF I r a t i o  was c o n s i d e r a b l y  

l a r g e r  ( a b o u t  1 O : l . ) .  

b u t  a l s o  a s  an i n e r t  m a t r i x  f o r  t h e  t r a p p i n g  o f  t h e  u n s t a b l e  s p e c i e s .  

3 
0 A t  4.2 K t he  argon s e r v e s  n o t  o n l y  a s  a c a r r i e r  g a s  

I n  t h e s e  expe r imen t s ,  d e p o s i t i o n  of t h e  p y r o l y s i s  p r o d u c t s  was 

l i m i t e d  t o  10-15 minutes  s i n c e  it was found t h a t  t h e  c o s t  of  m a i n t a i n i n g  

t h e  system a t  4.2' K was p r o h i b i t i v e .  The c ryogen ic  i n l e t  system had been 

d e s i g n e d  f o r  u s e  a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e  and a complete  r e c o n s t r u c -  

t i o n  would be r e q u i r e d  i n  o r d e r  t o  r u n  t h e  system f o r  t h e  p e r i o d s  o f  t ime  

( a b o u t  one hour )  which were used f o r  d e p o s i t i o n  i n  t h e  expe r imen t s  con- 

d u c t e d  a t  77' K .  

s h o r t e r  r u n s )  proved t o  be a handicap i n  t h e  a n a l y s i s  o f  t h e  warmup p r o d u c t s  

s i n c e  much less  g a s  was evolved and pumped th rough  t h e  mass spec t romete r .  

The much sma l l e r  d e p o s i t s  (due b o t h  t o  d i l u t i o n  and t o  

The mass s p e c t r a  which were recorded d u r i n g  t h e  warmup o f  t h e s e  

d e p o s i t s  a g a i n  showed t h e  presence of C2F4, C F 

ments y i e l d e d  no ev idence  f o r  t h e  p r e s e n c e  o f  f r e e  CF 

and CF b u t  t h e s e  e x p e r i -  2 6  4 

o r  CF3 i n  t h e  low 2 
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t e m p e r a t u r e  g a s  above t h e  condensed p h a s e s  which had been d e p o s i t e d  a t  

4.2' K .  

A s  mentioned e a r l i e r ,  two r e c e n t  p u b l i c a t i o n s  7 y 8  have d i s c u s s e d  t h e  

s p e c t r o s c o p i c .  s t u d y  o f  CF t r a p p e d  i n  an argon m a t r i x  a t  l i q u i d  he l ium 

t e m p e r a t u r e .  One o f  t h e s e  s t u d i e s , *  which was p u b l i s h e d  i n  September,  

1964, showed t h a t  on warming t o  40 K ,  t h e  argon m a t r i x  s o f t e n e d  s u f f i -  

2 

0 

c i e n t l y  t o  pe rmi t  d i f f u s i o n  and consequent d i m e r i z a t i o n  o f  t h e  t r a p p e d  

CF2. 

o f  CF was comple t e ly  gone b u t  t h a t  o f  C F was much more in t ense .  A 

p e r s o n a l  communication from one of t h e  a u t h o r s  o f  t h i s  l a t t e r  s t u d y  i n -  

0 A f t e r  t h e  warmed p r o d u c t s  were a g a i n  cooled t o  4.2 K ,  t h e  spectrum 

2 2 4  

c luded  t h i s  f u r t h e r  a m p l i f i c a t i o n :  "These s t u d i e s  have shown, f o r  ex- 

ample, t h a t  even though CF i s  r e a d i l y  formed from d i s f l u o r o d i a z i r i n e  a t  

4 K i n  b o t h  argon and n i t r o g e n  m a t r i c e s  (1nert:CF N = 200 : l )  and can 
2 

0 

2 2  

be ma in ta ined  i n  t h e  m a t r i x  wi thou t  C F fo rma t ion  f o r  hour s ,  a t  a temper- 2 4  
0 ,e* 

a t u r e  o f  1 4  K ,  C F fo rma t ion  i s  complete.  The f a c t  t h a t  t h i s  r e a c -  2 4  

t i o n  g o e s  t o  complet ion a t ,  o r  below, 14' K i n d i c a t e s  t h a t  t h e  a c t i v a t i o n  

e n e r g y  f o r  t h e  combination of  t w o  CF molecu le s  i s  ex t r eme ly  s m a l l  and, 

hence,  t h a t  i t  i s  h i g h l y  u n l i k e l y  t h a t  r e l a t i v e l y  p u r e  samples o f  con- 

2 

densed phase CF2 can be p repa red ,  even a t  t h e  l o w e s t  o b t a i n a b l e  tempera- 

t u r e s .  I n  any e v e n t ,  i n  t h e  p r e s e n t  expe r imen t s ,  i f  w e  assume t h a t  t h e  

CF su rv ived  t h e  quench, it must have been chemica l ly  l o s t  a t  tempera- 

t u r e s  w e l l  below t h a t  a t  which t h e  s p e c i e s  had enough ene rgy  t o  e x e r t  a 

vapor  p r e s s u r e  o f  10 t o  mm Hg. 

2 

-5 

~~ * 
The a u t h o r s  a r e  indeb ted  t o  Dr .  R. A.  Mitsch o f  Minnesota Mining and 

Manufac tu r ing  Company, S a i n t  Paul, Minnesota f o r  t h i s  comment. 
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10 Mastrangelo h a s  s t u d i e d  t h e  d e p o s i t s  formed by quenching t o  l i q u i d  

n i t r o g e n  t empera tu re  t h e  p r o d u c t s  of  a r a d i o  f r equency  d i s c h a r g e  i n  C F 

o r  cyclo-C F From chemical  evidence,  it was claimed t h a t  CF was p r e s e n t  

i n  a r e d  d e p o s i t  whose c o l o r  p e r s i s t e d  t o  approx ima te ly  107 K .  These 

a s s ignmen t s  were based on an a n a l y s i s  o f  t h e  warmed p r o d u c t s  which r e s u l t e d  

from c h l o r i n a t i o n  and b romina t ion  of  t h e  l o w  t e m p e r a t u r e  d e p o s i t s ;  no d i r e c t  

o b s e r v a t i o n  of  CF o r  CF e i t h e r  a t  t h e  low t e m p e r a t u r e  o r  a f t e r  warmup 

was r e p o r t e d .  To r e c o n c i l e  t h e s e  hypo theses  w i t h  t h e  more r e c e n t  s p e c t r o -  

s c o p i c  d a t a  and w i t h  t h e  p r e s e n t  mass s p e c t r a l  d a t a ,  one must assume t h a t  

t h e  m a t r i c e s  formed by t h e  p a r e n t  compounds used i n  t h i s  s t u d y  do n o t  

s o f t e n  and pe rmi t  d i f f u s i o n  o f  t h e  r e a c t i v e  s p e c i e s  u n t i l  a c o n s i d e r a b l y  

h i g h e r  t e m p e r a t u r e  t h a n  i s  t h e  case i n  an argon ma t r ix .  

2 6  

4 8' 2 
0 

2 3 

The p r e s e n t  work, i n  which t h e  p y r o l y s i s  p r o d u c t s  o f  CF I were 

immediately quenched t o  77 

t h e  p re sence  of f r e e  CF o r  CF i n  t h e  warm up g a s e s .  S i n c e  M i l l i g a n ,  

e t  a l .  have shown t h a t  CF i s  indeed t r a p p e d  i n  an argon m a t r i x  a t  

l i q u i d  hel ium t e m p e r a t u r e  and Mas t r ange lo lo  h a s  p r e s e n t e d  a rg rmen t s  f o r  

t h e  s t a b i l i z a t i o n  o f  b o t h  CF and CF3 i n  a m a t r i x  o f  t h e  p a r e n t ,  cyc lo -  

C4F8, a t  l i q u i d  n i t r o g e n  temperature ,  i t  i s  v e r y  l i k e l y  t h a t  CF 

a r e  p r e s e n t  i n  t h e  low t empera tu re  d e p o s i t s  produced i n  t h i s  work. One 

a g a i n  concludes,  t h e r e f o r e ,  t h a t  t h e s e  s p e c i e s  m u s t  ach ieve  s u f f i c i e n t  

m o b i l i t y  i n  t h e  m a t r i c e s  t o  permit  r e a c t i o n  o r  r ecombina t ion  a t  tempera- 

t u r e s  which do n o t  a l l o w  sub l ima t ion  o f  t h e  f r e e  s p e c i e s .  

3 
0 K o r  t o  4.2' K ,  h a s  y i e l d e d  no ev idence  f o r  

2 3 

2 

2 

and CF3 2 

One must a l s o  conclude t h a t  t h e  e x i s t e n c e  of CH i n  s i g n i f i c a n t  concen- 2 

t r a t i o n s  ( g r e a t e r  t h a n  a few t e n t h s  o f  one p e r  cen t )  i n  comet n u c l e i  i s  
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v e r y  u n l i k e l y  s i n c e  CH i s  l e s s  s t a b l e  r e l a t i v e  t o  C H t h a n  i s  CF r e l a -  2 2 4  2 
t i v e  t o  C F 2 4' 

C. R e a c t i o n s  of  Atomic Hvdroqen 

I n  t h i s  s e r i e s  o f  experiments  a tomic hydrogen i s  produced i n  an 

e l e c t r o d e l e s s  d i s c h a r g e  arrangement and pumped i n t o  a c o l d  r e a c t o r .  Here 

t h e  atomic hydrogen i s  made t o  (1) impinge upon t h e  f r e e  l i q u i d  o r  s o l i d  

s u r f a c e  o f  t h e  second r e a c t a n t  o r  (2)  t o  mix w i t h  t h e  second r e a c t a n t  i n  

t h e  g a s  phase j u s t  p r i o r  t o  condensat ion.  

1. Impedance Matchinq Network 

For  maximum power t r a n s f e r  and hence maximum p r o d u c t i o n  o f  a tomic 

hydrogen t h e  r f  t r a n s m i t t e r  m u s t  be matched t o  t h e  plasma. The impedance o f  

t h e  plasma i s  a f u n c t i o n  o f  t h e  n a t u r e  o f  t h e  g a s  b e i n g  e x c i t e d ,  t h e  p r e s s u r e  

( i . e . ,  t h e  p a r t i c l e  number d e n s i t y )  and t h e  f low r a t e .  

s a r y  t o  d e s i g n  an impedance matching network having a r a t h e r  wide r ange  o f  

o p e r a b i l i t y .  The c i r c u i t  i s  shown i n  F ig .  3 where t h o s e  components enc losed  

i n  dashed l i n e s  a r e  mounted i n  a 17 x 13 x 4 i n .  box which i s  i t s e l f  mounted 

w i t h i n  6 i n .  of  t h e  d i s c h a r g e  tube on t h e  vacuum r a c k .  

l e a d  from t h e  t r a n s m i t t e r  i s  about 10 f t .  long.  

I t  was hence neces-  

The 50 ohm c o a x i a l  

The o u t p u t  impedance o f  t h e  t r a n s m i t t e r  i s  50 ohms and t h e r e f o r e  i t  i s  

n e c e s s a r y  t o  a d j u s t  t h e  two c a p a c i t o r s  u n t i l  t h e  impedance o f  t h e  c o i l  

system w i t h  i t s  plasma c o r e  appears  a s  50 ohm. 

mismatch) i s  i n d i c a t e d  by t h e  s t and ing  wave r a t i o  (SWR) meter .  

i n g  wave r a t i o  i s  d e f i n e d ,  

The impedance match ( o r  

The s t and-  
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where P 

t h e r e  would be no r e f l e c t e d  power and t h e  impedances would t h e n  be pe r -  

f e c t l y  matched. 

forward power l e v e l  o f  about  300 w a t t s  and a SWR o f  about  1.1. T h i s  

co r re sponds  t o  a r e f l e c t e d  power of 15 w a t t s  o r  co r re sponds  t o  a power 

u s e  e f f i c i e n c y  o f  95%. 

i s  forward power and RR i s  r e f l e c t e d  power. A t  an  SWR o f  u n i t y ,  F 

The atomic hydrogen i s  p r e s e n t l y  be ing  produced a t  a 

Using t h e  d e s c r i b e d  matching network, an i n t e n s e  r e d  hydrogen d i s c h a r g e  

can be  ma in ta ined  up t o  a p r e s s u r e  o f  abou t  80 mm Hg. 

produce t h e  i n t e n s e  d i s c h a r g e  a t  h i g h e r  p r e s s u r e s  i s  p robab ly  due t o  power 

1 i m i t a t i o n s  o f  t h e  t r a n s m i t t e r  . 

The i n a b i l i t y  t o  

S i n c e  t h e  p r e s e n t  matching network p r o v i d e s  t h e  means f o r  o b t a i n i n g  

maximum power t r a n s f e r  a t  any p r e s s u r e ,  t h e  d e s i g n  and c o n s t r u c t i o n  o f  

t h e  d i s c h a r g e  system i s  now considered complete.  

2. Experimental  R e s u l t s  

The p o s i t i o n  and arrangement o f  t h e  r f  d i s c h a r g e  c o i l  h a s  a g a i n  

been changed. 

d i a m e t e r .  

t u b e  and compressed a i r  i s  blown i n t o  t h e  a n n u l a r  space t o  p r o v i d e  c o o l i n g .  

T h i s  c o n c e n t r i c  t u b e  arrangement is  n e c e s s a r y  f o r  t h e  p r e v e n t i o n  of  h i g h  

v o l t a g e  a rc -ove r  from t h e  c o i l  t o  t h e  plasma r e s u l t i n g  i n  a punc tu re  o f  

t h e  py rex  o r  q u a r t z  t ube .  

t u r n s  o f  14 gauge copper  wi re .  

and t h e  p a r a l l e l  c a p a c i t o r  s e t  a t  2000 ppf ,  t h e  c o i l  i s  e n e r g i z e d  a t  i t s  

r e s o n a n t  f requency which was e x p e r i m e n t a l l y  found t o  be 3.5 mcps. 

The c o i l  i s  wound on an o u t e r  pyrex t u b e  o f  33 mm o u t s i d e  

The d i s c h a r g e  i s  produced i n  a c o n c e n t r i c  12 mm d i a m e t e r  q u a r t z  

The c o i l  p r e s e n t l y  i n  u s e  i s  made o f  f i f t y  

With t h e  ser ies  c a p a c i t o r  se t  a t  40 ppf 
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I n i t i a l  expe r imen t s  were concerned w i t h  r e a c t i n g  atomic hydrogen 

0 w i t h  s o l i d  n i t r i c  o x i d e  a t  77 K.  I t  was found t h a t  i m p u r i t i e s  i n  t h e  

n i t r i c  o x i d e  and i n  t h e  hydrogen produced an a p p a r e n t  v a r i e t y  o f  compounds 

which condensed a t  77 K t o  form varying s h a d e s  of g reen ,  b l u e ,  and y e l l o w  

s o l i d s .  A l i t e r a t u r e  su rvey  r evea led  t h a t  t h e  c o l o r s  were l i k e l y  due  

t o  a m i x t u r e  o f  t h e  compounds NO *, N203, and N204. 

e l i m i n a t e d  by t h e  fo l lowing  procedure.  The n i t r i c  o x i d e  was s lowly  passed 

th rough  two U-tube c o l d  t r a p s  which were immersed i n  dewars c o n t a i n i n g  a 

s o l i d - l i q u i d  s l u s h  o f  2-methyl pentane a t  -155' C. 

t h e  n i t r i c  o x i d e  e n t e r e d  a graduated t e s t  t u b e  immersed i n  a dewar o f  

l i q u i d  n i t r o g e n  where i t  condensed a s  a w h i t e  s o l i d .  All i m p u r i t i e s  which 

condensed a t  -155 C were r e j e c t e d .  Any oxygen p r e s e n t  would have r e a c t e d  

w i t h  t h e  n i t r i c  o x i d e  and condensed i n  t h e  t r a p s .  The n i t r o g e n  was removed 

by t h e  c o n v e n t i o n a l  f r e e z e  and t h a w  method. 

0 

These i m p u r i t i e s  were 

From t h e  U-tube t r a p s  

0 

Oxygen was removed from t h e  hydrogen by p a s s i n g  t h e  hydrogen o v e r  

p a l l a d i u m  a s b e s t o s  h e a t e d  t o  400' C. 

c o l d  t r a p  ma in ta ined  a t  77' K b e f o r e  e n t e r i n g  t h e  d i s c h a r g e  t u b e .  

The hydrogen t h e n  passed th rough  a 

A t y p i c a l  expe r imen ta l  run w i l l  now be d e s c r i b e d .  A f t e r  pumping t h e  

r e a c t i o n  system t o  10 mm Hg, t he  p u r i f i e d  n i t r i c  ox ide  was condensed on 

t h e  i n s i d e  bottom o f  t h e  g l a s s  r e a c t o r  a t  77' K.  

a p r e s s u r e  o f  500-1000 p Hg was allowed t o  impinge on t h e  s u r f a c e  of  t h e  

s o l i d  n i t r i c  o x i d e  f o r  a p e r i o d  of abou t  f o r t y  minutes .  T h i s  was done 

t o  d e t e r m i n e  i f  t h e  hydrogen contained any i m p u r i t i e s  which would r e a c t  

w i t h  t h e  n i t r i c  o x i d e  and cause a v i s i b l e  c o l o r ,  phase,  o r  p r e s s u r e  change. 

I t  h a s  been found t h a t  when t h e  oxygen i s  s u c c e s s f u l l y  removed from t h e  

-6 

P u r i f i e d  hydrogen a t  
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hydrogen, no a p p a r e n t  r e a c t i o n  occurs .  

A f t e r  t h e  i n i t i a l  p e r i o d  of  molecular  hydrogen flow, t h e  glow d i s c h a r g e  

i s  i g n i t e d  t o  produce an atomic hydrogen flow. A f t e r  a p e r i o d  o f  f i f t e e n  

t o  twenty minutes  t h e  d i s c h a r g e  i s  s topped and a l l  uncondensed g a s e s  

a r e  pumped o u t  o f  t h e  r e a c t o r .  The r e a c t i o n  p r o d u c t s  a r e  examined f o r  

c o l o r  and phase change a t  77 K and a l s o  d u r i n g  t h e  subsequen t  g e n t l e  

warmup. I t  h a s  been found t h a t  t he  r e a c t i o n  o f  hydrogen atoms w i t h  s o l i d  

n i t r i c  o x i d e  a t  77 K produces a yel low s o l i d  which i s  formed on t h e  s u r -  

f a c e  of t h e  n i t r i c  ox ide .  On removing t h e  dewar o f  l i q u i d  n i t r o g e n ,  t h e  

s o l i d  n i t r i c  o x i d e  f i r s t  e v a p o r a t e s  and immediately a f t e r w a r d  t h e  ye l low 

s o l i d  r e a c t i o n  p roduc t  e v a p o r a t e s  w i t h  such speed t h a t  i t  seems t o  explode.  

A t  t h e  i n s t a n t  t h a t  t h e  ye l low s o l i d  "explodes,"  a c l i c k  sound i s  pro- 

duced i n s i d e  t h e  r e a c t o r .  The yel low compound a p p a r e n t l y  decomposes 

because on r e c o n d e n s a t i o n  o f  t h e  g a s e s  o n l y  t h e  wh i t e  s o l i d  n i t r i c  o x i d e  

i s  formed. 

0 

0 

The r e a c t i o n  o f  hydrogen atoms and n i t r i c  o x i d e  h a s  a l s o  been c a r r i e d  

0 o u t  a t  90 K i n  l i q u i d  s o l u t i o n  using propane a s  t h e  s o l v e n t .  The n i t r i c  

o x i d e  a p p a r e n t l y  d o e s  n o t  r e a c t  with t h e  propane s i n c e  t h e  m i s c i b i l e  

s o l u t i o n  o f  n i t r i c  o x i d e  and propane can b e  s u b j e c t e d  t o  f r a c t i o n a l  

vacuum d i s t i l l a t i o n  which s e p a r a t e s  t h e  components i n t o  t h e  o r i g i n a l  

u n r e a c t e d  s p e c i e s .  The hydrogen atom r e a c t i o n  w i t h  t h e  s o l u t i o n  a t  90 K 

produces a ye l low p r e c i p i t a t e  s i m i l a r  i n  appearance t o  t h e  ye l low s o l i d  

formed by t h e  r e a c t i o n  of hydrogen atoms and s o l i d  n i t r i c  o x i d e  a t  77' K. 

On r a p i d  warmup, t h e  y e l l o w  p r e c i p i t a t e  seems t o  exp lode  i n  much t h e  same 

manner a s  t h e  ye l low s o l i d .  

0 
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The d e t e r m i n a t i o n  of  t h e  i d e n t i t y  of t h e  s o l u t i o n  r e a c t i o n  p r o d u c t s  

i s  complicated by t h e  fo rma t ion  of  t h e  p r e c i p i t a t e .  

s o l u t i o n  o r  s l u r r y  could be e a s i l y  analyzed i n  t h e  mass s p e c t r o m e t e r  s i n c e  

t h e  l i q u i d  could be t r a n s f e r r e d  from t h e  g l a s s  r e a c t o r  t o  t h e  c o l d  i n l e t  

system by u s e  o f  a l i q u i d  n i t r o g e n  cooled p i p e t  system d e s c r i b e d  i n  

p r e v i o u s  r e p o r t s .  I n  f u r t h e r  experiments  w i t h  t h e  l i q u i d  s o l u t i o n ,  a 

magnet ic  s t i r r e r  w i l l  be  used i n  an  a t t e m p t  t o  m a i n t a i n  a homogeneous 

system d u r i n g  t h e  c o u r s e  of  t h e  r e a c t i o n .  I f  t h i s  succeeds ,  t h e  cooled 

p i p e t  system can then  be  used. 

A homogeneous l i q u i d  

A l i t e r a t u r e  su rvey  s u g g e s t s  t h a t  t h e  ye l low p r o d u c t  h a s  t h e  formula 

HNO o r  ("0) . Har teck l*  con tac t ed  hydrogen atoms and gaseous  n i t r i c  

o x i d e  and condensed t h e  p r o d u c t s  a t  l i q u i d  a i r  t empera tu re .  A ye l low 

d e p o s i t  formed which e x p l o s i v e l y  decomposed a t  h i g h e r  t e m p e r a t u r e s  t o  

farmN 0 and H20.  

sugges t ed  t h e  e m p i r i c a l  composition t o  be ("0) 

of  r e a c t i o n s  could have occur red :  

n 

From t h e  amount o f  t h e  decomposi t ion p r o d u c t s ,  Harteck 
2 

The fo l lowing  sequence n' 

H + NO --f HNO 

2 HNO + (HNO)2  

(HNO)~ + N ~ O  + H ~ O  

19 HNO h a s  o f t e n  been sugges t ed  a s  an i n t e r m e d i a t e  i n  r e a c t i o n  mechanisms. 

18P. Har t eck ,  &. 66, 423 (1933). 

l 9 L a i d l e r  and Wojciechowski, Proc.  Roy. SOC. m, 103 (1961). 
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Dably2' f i r s t  i d e n t i f i e d  HNC s p e c t r o s c o p i c a l l y  u s i n g  f l a s h  p h o t o l y s i s  

o f  ammonia i n  t h e  p re sence  o f  n i t r i c  ox ide .  Brown and P imen te l  decem- 21 

. 

posed methyl n i t r i t e  by p h o t o l y s i s  t o  form formaldehyde and n i t r o x y l ,  

HNO. They d e t e c t e d  HNO by i t s  i n f r a r e d  spectrum. The spec t rum shows 

t h a t  t h e  molecule  c o n t a i n s  a n i t rogen-oxygen double  bond, i n d i c a t i n g  t h a t  

t h e  s t r u c t u r e  i s  HNO and n o t  HON. 

D. R e a c t i o n s  of  Atomic Oxyqen 

Another approach t o  s y n t h e s i z i n g  HNC, a s  wel l  an NH 0, i s  t o  r e a c t  3 

oxygen atoms w i t h  ammonia. I t  has been r e p o r t e d  t h a t  ammonia w i l l  r e a c t  

w i th  a tomic  oxygen a t  90  C t o  form i n t e n s e l y  ye l low d e p o s i t s  which a r e  

u n c h a r a c t e r i z e d  b u t  may c o n t a i n  t h e  s p e c i e s  HNO o r  NH 0. 22y23 I t  h a s  a l s o  

been r e p o r t e d  t h a t  t h e  s p e c i e s  NH, NH2, NO and OH a r e  p r e s e n t  i n  a 

premixed a tmospher ic  p r e s s u r e  flame of  ammonia and oxygen. 24 The i n d i c a t e d  

0 

3 

s p e c i e s  sugges t  t h e  fo l lowing  r e a c t i o n s :  

0 + NH3 + HNC + H2 

0 + N H 3 +  NH3c 

0 + NH3 + NH2 t OH 

0 + NH3 + NH + H20 

F. W. Dalby, "Sympos,Jm on Molecular S t r u c  ,ure and Spec t roscopy , "  Columbus 20 

Ohio, June  13, 1957. 

21H. W. Brown and G.  C. P imente l ,  J. Chem. Phys. 29, 883 (1958). 

22Geib, K.  H. ,  Naturwissenschaf ten ,  l5, 44 (1936) .  

23Harteck, P. and Kopsch, U., Z. Physik.  Chem. my 327 (1931)  

24Forgar ty ,  B. and Wolfhard,  H., Na ture  163, 1122 (1951). 
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S i n c e  s e v e r a l  of  t h e s e  s p e c i e s  a r e  p r e s e n t  i n  t h e  comae o f  comets,  t h e  

r e a c t i o n  o f  oxygen atoms and ammonia i s  now be ing  s t u d i e d  i n  o r d e r  t o  

b e t t e r  c h a r a c t e r i z e  t h e  low t empera tu re  r e a c t i o n  p roduc t s .  The r e a c t i o n  

system used i n  t h e s e  expe r imen t s  i s  t h e  same system used i n  r e a c t i n g  

hydrogen atoms and n i t r i c  oxide.  

I t  h a s  been found t h a t  oxygen atoms r e a c t  with ammonia condensed 

0 a t  90 K t o  form a l i g h t  ye l low l a y e r  o f  r e a c t i o n  p roduc t s .  

t h i s  same r e a c t i o n  i n i t i a l l y  produces a l i g h t  ye l low l a y e r ,  b u t  a s  ozone 

i s  condensed from t h e  d i s c h a r g e d  oxygen, t h e  ye l low l a y e r  becomes more 

i n t e n s l y  ye l low and f i n a l l y  changes t o  an o range  c o l o r .  In  a n o t h e r  

expe r imen t ,  a l a y e r  o f  ozone was condensed on t h e  bottom o f  t h e  r e a c t o r  

a t  77' K and a s t r e a m  of  gaseous ammonia was allowed t o  impinge on t h e  

ozone l a y e r .  A b r i g h t  y e l l o w  d e p o s i t  immediately formed. By pumping and 

s l o w l y  warming t h e  r e a c t o r ,  t h e  un reac ted  b l u e  ozone was evapora t ed .  A s  

t h i s  was o c c u r r i n g ,  t h e  b r i g h t  yel low d e p o s i t  a g a i n  changed t o  an o range  

c o l o r .  A t h i n  l a y e r  of u n r e a c t e d  ammonia was condensed on t h e  w a l l s  of  

t h e  r e a c t o r  and t h i s  l a y e r  a l s o  became y e l l o w  and t h e n  o r a n g e  a s  t h e  

e v a p o r a t i n g  ozone passed o v e r  t h e  condensed ammonia l a y e r .  

A t  77' K ,  

These expe r imen t s  s u g g e s t  two r e a c t i o n  p o s s i b i l i t i e s .  E i t h e r  t h e  

ammonia i s  more r e a c t i v e  w i t h  ozone t h a n  w i t h  oxygen atoms o r  t h e  ozone 

decomposes on c o n t a c t  w i t h  t h e  ammonia forming a h igh  c o n c e n t r a t i o n  o f  

oxygen atoms which t h e n  r e a c t  w i th  t h e  ammonia acco rd ing  t o  t h e  r e a c t i o n  

0 + N H 3 +  O2 + 0 + NH3 + O2 + p r e v i o u s l y  d e s c r i b e d  r e a c t i o n  p r o d u c t s  
3 

Again, by u s e  of  t h e  low t empera tu re  i n l e t  system o f  t h e  mass s p e c t r o m e t e r ,  

t h e  p r o d u c t s  formed d u r i n g  t h e  course of  t h e  r e a c t i o n  can  be  i d e n t i f i e d .  
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I r r .  PLANS F'-~R P ~ E X T  REPORTING PERIOD 

S i n c e  t h e  d a t a  Aevelapeci i n  t h i s  l a b o r a t o r y  (soon t o  be publisk,c,!)  and 

t h a t  c o n c u r r e n t l y  devcioFeci by o t h e r s  a l l  seem t o  i n d i c a t e  t h a t  t h e  f r e e  

e x i s t a n c e  of low molecu la r  weight compounds of  d i v a l e n t  carbon a r e  u n l i k e l y ,  

we propose t o  u s e  t h e  same appa ra tus  and t e c h n i q u e  t h a t  h a s  been developed 

h e r e  t o  s t u d y  t h e  c o r r e c c o n i i n g  s e r i e s  o f  d i v a l e n t  s i l i c o n  compounds. The 

s y n t h e s i s  of  d ime thy l  s i l e n e ,  CH3SiCH3, t h e  s i l i c o n  ana log  o f  a ca rbene  

h a s  r e c e n t l y  been r e p o r t e d  a s  a s h o r t  l i - e d  i n t e r m e d i a t e . 2 5  The d a t a  sugges t  

t h a t  d i m e t h y l s i l e n e  i s  much l e s s  r e a c t i v e  t h a n  s i n g l e t  CH D i f l u o r o s i l e n e ,  

SiF2,  h a s  a l s o  been r e c e n t l y  observed a s  a t r a n s i t o r y  s p e c i e s .  

t i o n ,  t r a p p i n g  and mass s p e c t r o m e t r i c  i d e n t i f i c a t i o n  and s t u d y  t e c h n i q u e s  

2' 

The g e n e r a -  

t h a t  have been developed h e r e  would be immediately a p p l i c a b l e  t o  t k 1 G J r .  

c l o s e l y  r e l a t e d  systems. S i l i c o n  and carbon a r e  of abou t  equa l  magnitude 

( f a c t o r  o f  3 o r  s o )  i n  t a b l e s  of cosmic abundancies .  

The H and 0 atom r e a c t i o n s  t h a t  were d i s c u s s e d  above a r e  t o  be 

r e p e a t e d  i n  a more c o n t r o l l e d  and more in s t rumen ted  f a s h i o n  by u s i n g  t h e  

c r y o g e n i c  i n l e t  system. 

I n  f u r t h e r  expe r imen t s  t h e  i d e n t i t y  o f  t h e  ye l low s o l i d  t h a t  was 

d e s c r i b e d  above w i l l  be e s t a b l i s h e d  by u s e  o f  t h e  mass s p e c t r o m e t e r  c o l d  

i n l e t  system. 0 atoms a l s o  r e a c t  w i t h  l i g h t  hydrocarbons t o  produce 

u s u a l l y  red p r o d u c t s  which undergo f r o t h y  decompos i t ions  upon warming 

t o  s t i l l  v e r y  low t e m p e r a t u r e s .  These r e a c t i o n s  w i l l  be c a r r i e d  o u t  i n  t h e  

c o l d  i n l e t  system and t h e  vapors produced d u r i n g  a slow c o n t r o l l e d  warmup 

25P. S. S k e l l  and E. J. G o l d s t e i n ,  J. Am Chem. SOC. 86, 1442 (1964). 

25 



. 

w i l l  be analyzed w i t h o u t  warming beyond t h e  t e m p e r a t u r e  a t  which t h e y  

appea r ,  i . e . ,  t h e  t e m p e r a t u r e  a t  which t h e  s o l i d  o r  l i q u i d  exer ts  a 

-6 vapor  p r e s s u r e  o f  t h e  o r d e r  o f  10 mm Hg. 

Assuming t h a t  t h e  unknown yel low s o l i d  h a s  a s t a b l e  vapor  a t  some low 

t e m p e r a t u r e ,  f u r t h e r  work u s i n g  t h e  mass spec t romete r  w i l l  p e r m i t  u s  t o  

a s s i g n  a d e f i n i t e  formula t o  t h e  compound, p o s s i b l y  HNO, and t o  de t e rmine  

i t s  bond e n e r g i e s  from AP and I P  measurements. E q u i v a l e n t  arguments can 

b e  made f o r  t h e  p r e s e n t l y  unknown red  p r o d u c t s  from 0 atom r e a c t i o n s  w i t h  

l i g h t  hydrocarbons.  

I n  a d d i t i o n  t o  r e a c t i n g  hydrogen atoms w i t h  n i t r i c  ox ide ,  we a l s o  

w i l l  be r e a c t i n g  hydrogen atoms with cyanogen, methane, ammonia, carbon 

monoxide, and o t h e r  simple compounds o f  carbon,  n i t r o g e n ,  and oxygen. 

The b e s t  expe r imen ta l  p rocedure  f o r  t h i s  work now a p p e a r s  t o  b e  t o  f i r s t  

c a r r y  o u t  t h e  r e a c t i o n  i n  t h e  system now i n  use,  o b s e r v i n g  t h e  g r o s s  

r e a c t i o n  changes.  The more s u c c e s s f u l  and i n t e r e s t i n g  r e a c t i o n s  w i l l  

t h e n  be more c a r e f u l l y  s t u d i e d  us ing  t h e  low t e m p e r a t u r e  i n l e t  system o f  

t h e  mass spec t romete r .  

. 
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